stase (MMP-12), mainly produced by macrophages, has been shown to play a key role in the pathogenesis of emphysema in animal models. Chronic cigarette smoke increases pulmonary MMP-12, which is closely correlated with an elevation of pulmonary substance P (SP). Because alveolar macrophages (AMs) contain the neurokinin-1 receptor (NK1R), we tested whether SP was able to trigger the upregulation of MMP-12 synthesis in AMs by acting on the NK1R. AMs isolated from bronchoalveolar lavage cells in C3H/HeN mice were cultured with control medium or SP that was coupled without or with NK1R antagonists (CP-99,994 or aprepitant) for 24 h. We found that SP significantly increased the mRNA of MMP-12 and NK1R by 11-fold and 82%, respectively, in AMs (P Ͻ 0.05), and these responses were abolished by NK1R antagonists with little change in the cells' viability. Because pulmonary SP is primarily released by bronchopulmonary C-fibers (PCFs), we further asked whether destruction of PCFs would reduce SP and MMP-12. Two groups of mice were pretreated with vehicle and neonatal capsaicin (NCAP) to degenerate PCFs, respectively. Our results show that NCAP treatment significantly decreased mRNA and protein levels of SP associated with a reduction NK1R and MMP-12 in the lungs and AMs. These findings suggest that SP has a modulatory effect on pulmonary MMP-12 by acting on NK1R to trigger MMP-12 syntheses in the AMs. emphysema; neurokinin-1 receptor; bronchopulmonary C-fibers; matrix metalloproteinase-12; chronic obstructive pulmonary disease METALLOELASTASE (MMP-12) is able to degrade many kinds of extracellular matrix proteins, including elastin (16). Loss of elastic recoil and damage of elastic fibers along with histological changes of emphysema implicate elastin degradation as an important factor in the pathogenesis of chronic obstructive pulmonary disease (COPD) (38). MMP-12 is increased in lung tissue (5) and macrophages (6) of cigarette smoke (CS)-exposed mice and in sputum from COPD patients (7, 40). Furthermore, an increase of the ratio of MMP-12 to the tissue inhibitor of matrix metalloproteinase-1 (TIMP-1) was also observed in COPD animal models (61). TIMP-1 can inhibit all matrix metalloproteinases (MMPs), including MMP-12, resulting in loss of proteolytic activity (27, 54) . Most importantly, MMP-12 gene-deficient mice do not develop emphysema after chronic CS exposure (19). Conversely, overexpression of MMP-12 in transgenic mice is associated with spontaneous development of pulmonary emphysema (41). Together, these results strongly suggest that MMP-12 plays a key role in the pathogenesis of COPD, at least in animal models. Substance P (SP) is a proinflammatory neuropeptide and neurogenic mediator with a high affinity for binding to the neurokinin-1 receptor (NK1R) (48). Previous studies have shown three lines of evidence implying the possible SP modulatory effects on pulmonary MMP-12. First, significantly correlated increases of pulmonary SP and MMP-12 have been observed in CS-exposed mice (61). Second, alveolar macrophages (AMs), a major producer of MMP-12 (27), express NK1R in guinea pigs (2) and humans (1, 22) . Third, SP is capable of activating AMs to release inflammatory mediators including interleukin (IL)-1␤ and tumor necrosis factor (TNF)-␣ (1), and the latter could stimulate macrophages to release MMP-12 (10). However, to date, the role of SP in regulating synthesis of MMP-12 in AMs and generating pulmonary MMP-12 remains unclear.
METALLOELASTASE (MMP-12) is able to degrade many kinds of extracellular matrix proteins, including elastin (16) . Loss of elastic recoil and damage of elastic fibers along with histological changes of emphysema implicate elastin degradation as an important factor in the pathogenesis of chronic obstructive pulmonary disease (COPD) (38) . MMP-12 is increased in lung tissue (5) and macrophages (6) of cigarette smoke (CS)-exposed mice and in sputum from COPD patients (7, 40) . Furthermore, an increase of the ratio of MMP-12 to the tissue inhibitor of matrix metalloproteinase-1 (TIMP-1) was also observed in COPD animal models (61) . TIMP-1 can inhibit all matrix metalloproteinases (MMPs), including MMP-12, resulting in loss of proteolytic activity (27, 54) . Most importantly, MMP-12 gene-deficient mice do not develop emphysema after chronic CS exposure (19) . Conversely, overexpression of MMP-12 in transgenic mice is associated with spontaneous development of pulmonary emphysema (41) . Together, these results strongly suggest that MMP-12 plays a key role in the pathogenesis of COPD, at least in animal models.
Substance P (SP) is a proinflammatory neuropeptide and neurogenic mediator with a high affinity for binding to the neurokinin-1 receptor (NK1R) (48) . Previous studies have shown three lines of evidence implying the possible SP modulatory effects on pulmonary MMP-12. First, significantly correlated increases of pulmonary SP and MMP-12 have been observed in CS-exposed mice (61) . Second, alveolar macrophages (AMs), a major producer of MMP-12 (27) , express NK1R in guinea pigs (2) and humans (1, 22) . Third, SP is capable of activating AMs to release inflammatory mediators including interleukin (IL)-1␤ and tumor necrosis factor (TNF)-␣ (1), and the latter could stimulate macrophages to release MMP-12 (10) . However, to date, the role of SP in regulating synthesis of MMP-12 in AMs and generating pulmonary MMP-12 remains unclear.
The objective of the present study was to test two major hypotheses: 1) SP is able to trigger the upregulation of MMP-12 synthesis in AMs by acting on NK1R; and 2) reduction of SP by degeneration of the bronchopulmonary C-fibers (PCFs) via neonatal capsaicin treatment (NCAP) markedly decreases MMP-12 in lungs and AMs. A large number of previous studies have demonstrated that pulmonary SP is primarily synthesized in the cell bodies of PCFs located in the nodose and jugular ganglia (20) and released from PCF endings into the lungs when stimulated (32) . Accordingly, these hypotheses were examined in vitro and in vivo, respectively. Our results showed that SP significantly increased mRNA and protein levels of MMP-12 and NK1R in the AMs isolated from bronchoalveolar lavage (BAL) cells in C3H/HeN mice. Furthermore, PCF degeneration dramatically reduced pulmonary SP (a 75% reduction) that was associated with a significant decrease of MMP-12 in both lung tissues and AMs. Our results provide the experimental evidence of the modulatory effect of SP on pulmonary MMP-12 by acting on NK1R to trigger MMP-12 synthesis in AMs.
MATERIALS AND METHODS
General animal preparations and grouping. The experimental protocols were approved by the Institutional Animal Care and Use Committee in Lovelace Respiratory Research Institute facilities accredited by the Association for Assessment and Accreditation of Laboratory Animal Care International. Experiments were performed in 84 C3H/HeN female mice at 26 wk of age for several reasons. First, previous studies have shown that C3H/HeN mice are most vulnerable to developing CS-induced emphysema among other mouse strains. The emphysema susceptibility has been ranked as C3H/HeN Ͼ A/J Ͼ C57BL/6; female mice are particularly affected (17, 60) . Second, a close correlation between pulmonary SP and MMP-12 has been reported in C3H/HeN female mice (61) . Third, this species presented a similar blunted ventilatory response to hypercapnia and hypoxia as observed in patients with severe COPD (60) . In addition, the majority of the studies described above were performed in 26-wk-old mice (36, 60, 61) .
Four series of experiments were carried out in the present study. In the first series of experiments, immunomagnetic isolation of AMs from BAL cells was performed in 40 mice, and the obtained AMs were divided into four groups that are described in detail later. Five trials were performed for each group, and AMs from two mice were utilized in each trial. MMP-12, MMP-9, TIMP-1, and NK1R in AMs and IL-1␤ and TNF-␣ in culture supernatant were detected, respectively. Twenty mice were used in the second series for testing the effects of SP and CP-99,994 (n ϭ 10) or aprepitant (n ϭ 10) on the cell viability of AMs. In the third series, 24 mice were divided evenly into two groups: one group was treated with NCAP [capsaicin, 50 mg/kg sc, 97% purity (Sigma-Aldrich, St. Louis, MO)], and the other group was treated with vehicle [CON; 10% ethanol and 10% Tween 80 in 0.9% (wt/vol) NaCl solution] at the second day after birth, as previously described (23) . Twenty-six weeks later, BAL fluid (BALF) was collected and the AMs obtained from the BAL were divided into two subgroups, i.e., one for protein (n ϭ 6) and another for mRNA measurement (n ϭ 6) for each group. Subsequently, the right lung in each mouse was harvested. In these cases, the same mRNA and protein measurements, with the additional detection of mRNA preprotachykinin-A (PPT-A; a precursor to SP) and SP, were performed. The preparation and protocols for AMs are detailed below. Just as the MMP-12 proenzyme was detected in the cells (37) , the MMP-12 proenzyme (54 kDa) was detected in the present study. In addition to the three series of experiments conducted on AMs, a fourth series was carried out in a macrophage cell line (see Preparation and protocols for macrophage cell lines).
Collection of BALF. All mice were anesthetized with Nembutal (50 mg/kg ip), and the trachea was cannulated as described previously (61) . The lungs were perfused through the right ventricle of the heart with buffered salt solution (125 mM NaCl, 5 mM KCl, 2.5 mM Na 2HPO4, 17 mM HEPES, 10 g/ml gentamicin, and 1 mg/ml dextrose, pH 7.4) to remove blood cells from the pulmonary vasculature. The intact lungs were then lavaged 10 times with an infusion of cold 0.7-ml aliquots of buffered PBS (pH 7.2) containing 5% BSA and 2 mM EDTA, similar to the procedures previously reported (35) . The lavage was centrifuged at 1,000 rpm for 10 min at 4°C. The cell pellet was resuspended in 0.8 ml RBC lysis buffer (Sigma-Aldrich), incubated at room temperature for 10 min, and neutralized by the addition of 8 ml of PBS, and the suspension was centrifuged again. Donor cells were resuspended in a total of 1 ml of PBS. Total and differential cell counts were performed as described previously (61) .
Immunomagnetic isolation of macrophages in BAL cells. CD11b MicroBeads (Miltenyi Biotec, Auburn, CA) were able to specifically bind with macrophages in mouse, by which method the macrophages in spleen were isolated using magnetic-activated cell sorting (MACS) techniques (43) . The same approach was applied in the present study to isolate AMs from BAL cells. Briefly, a MACS separation column system (Miltenyi Biotec, Bergisch Gladbach, Germany) was assembled by placing a MiniMACS separation MS column into the magnetic component and washing with 1 ml of depletion buffer [PBS, pH 7.2, supplemented with 0.5% heat-inactivated FBS and 2 mM EDTA by diluting MACS BSA stock solution in autoMACS rinsing solution (Miltenyi Biotec)]. Pooled BAL cells were resuspended in 10 l of CD11b MicroBeads in 90 l of depletion buffer and incubated for 15 min at 4°C. Cells were washed with depletion buffer, centrifuged at 1,000 rpm for 10 min, and diluted in 500 l of depletion buffer. Labeled cells were placed in the MS column in the magnetic field, which was rinsed three times with 500 l of depletion buffer to wash out cells without binding with CD11b. The column was then removed from the magnetic field. One milliliter of depletion buffer was pipetted onto the column to collect the CD11b ϩ cell fraction. Finally, the amount of live cells and the percentage of purified AMs were determined by utilizing trypan blue exclusion and cytocentrifuge preparations stained with Wright-Giemsa, respectively (61) . The recovery portion of AMs was calculated as the ratio of isolated AMs to the total macrophages in BALF. We found that the percentages of live cell rate, purification, and recovery of AMs were 95, 98, and 70%, respectively, indicating a high efficiency of the magnetic isolation used in the present study.
Culture of AMs with and without SP and NK1R antagonists. AMs depleted from BAL cells were stored at Ϫ80°C for later use or pooled and resuspended in 0.5 ml o culture medium at 2 ϫ 10 5 cells/well into 24-well plates and maintained at 37°C in a 5% CO 2 incubator overnight. The culture medium consisted of RPMI 1640 medium (Sigma-Aldrich) supplemented with 1% glutamine, 0.1 mM nonessential amino acids (Life Technology, Grand Island, NY), 50 mM 2-mercaptoethanol (Sigma-Aldrich), 1% penicillin-streptomycin (Sigma-Aldrich), and 10% heat-inactivated FBS (ATCC, Manassas, VA). After being washed twice, cells were resuspended in the wells with 0.5 ml of serum starved medium. As mentioned above, AMs obtained from four groups of mice were incubated with control medium; SP (10 Ϫ8 M; Sigma-Aldrich); CP-99,994 (10 ng/ml; Pfizer), a NK1R antagonist (39) ; and SP plus CP-99,994; respectively. The gene and protein levels of MMP-12, MMP-9, TIMP-1, and NK1R in AMs were detected in the first and second groups, respectively. The same protocols were repeated in the third and fourth groups, with the exception that CP-99,994 was replaced by aprepitant (10 Ϫ8 M; Merck), another NK1R antagonist (18, 33) used in clinic (21) . The doses of SP, CP-99,994, and aprepitant were chosen because several investigators have shown that they could sufficiently activate or block NK1R in the cells (28, 33, 56) . For example, SP at 10 Ϫ8 M for 24 h is a threshold dose that significantly evokes upregulation of TNF-␣ in AMs in humans (1). After being cultured for 24 h at 37°C in a 5% CO2 incubator, the supernatants were removed and the cells were collected and pelleted by centrifugation at 4,000 rpm for 10 min.
Preparation and protocols for macrophage cell lines. This set of experiments was designed to test the dose and time dependence of SP upregulation of MMP-12 by using the RAW 264.7 macrophages. Five groups of macrophages obtained from the American Type Culture Collection were cultured with 1 ml of serum-starved medium at 4 ϫ 10 5 cells/well into 12-well plates. They were treated without (control) or with four different SP concentrations from 10 Ϫ10 to 10 Ϫ7 M for 24 h. The macrophages in six other groups were harvested at 0, 1.5, 3, 6, 12, and 24 h after incubation with SP at 10 Ϫ8 M. The same experiments in the studies described above were repeated six times, and the mRNA levels of MMP-12 were measured.
Measurement of cell viability. Viability of AMs was determined using the 3-(4,5-dimethylthiazol-2-yl)-2,5-diphenyl tetrazolium bromide (MTT; Sigma-Aldrich) test (42) . Immediately after culture without and with SP and/or the NK1R antagonists mentioned above for 24 h, the AMs in each well were washed twice with PBS. Subsequently, culture medium (0.5 ml) and MTT solution (0.25 mg) were sequentially added in each well, and the cells were incubated for 4 h at 37°C in 5% CO2. After being washed twice with PBS, the cells were solubilized in DMSO (100 l/well). The formation of the purple formazan within the cells was assessed using a microplate reader (Molecular Devices, Sunnyvale, CA) at a wavelength of 570 nm. The viability of AMs was expressed as a percentage versus control.
RNA extraction, RT-PCR, and real-time PCR analysis. Total RNA from the caudal lobe of the right lung, AMs, and cultured AMs was isolated as previously described (11, 61) using TRI reagents (Molecular Research Center, Cincinnati, OH) according to the manufacturer's protocol. RNA (2 g) was converted to cDNA by reverse transcription using Moloney murine leukemia virus reverse transcriptase (Invitrogen, Foster, CA) with an oligo(dT)15 primer (Promega, Madison, WI). MMP-9 oligonucleotide primers were 5Ј-TTC TCT GGA CGT CAA ATG TGG-3Ј (sense) and 5Ј-CAA AGA AGG AGC CCT AGT TCA AGG-3Ј (antisense). Primers for MMP-12, TIMP-1, PPT-A (a precursor of SP), NK1R, and glyceraldehyde 3-phosphate dehydrogenase (GAPDH) and for PCR amplification were the same as describe previously (61) . The amplified DNA fragments were analyzed by electrophoresis on a 1.5% agarose gel and stained with ethidium bromide. MMP-12, MMP-9, TIMP-1, PPT-A, NK1R, and GAPDH mRNA analyses were performed with a TaqMan real-time PCR assay on an ABI PRISM 7700 sequence detector (Applied Biosystems, Foster, CA) as described previously (61) . All primers and probes for real-time PCR were supplied by Applied Biosystems. One microliter of cDNA sample from each group was used for real-time PCR assay. The results for MMP-12, MMP-9, TIMP-1, PPT-A, and NK1R are expressed as the ratio to GAPDH.
Protein preparation and EIA for SP. After preparation of homogenate buffer [PBS; 20 mM Tris ⅐ HCl, pH 7.6, 0.5% Ipegal (SigmaAldrich); 250 mM NaCl; 3 mM EDTA and EGTA; 100 mM DTT and PMSF; 1 M ␤-glycerol phosphate; 0.2 M sodium vanadate; and 1 mg/ml leupeptin], 30 mg of cranial and accessory lobes of the right lung and AMs pellets were suspended in the buffer and homogenized as described previously (57, 61) . Protease inhibitor cocktail (PI cocktail IV, 1:100 dilution; Calbiochem) was added to the supernatant and stored at Ϫ80°C. Protein concentration of the supernatants was determined using the Bradford method with a Coomassie protein assay kit (Pierce, Rockford, IL). SP in the lung extractions and AMs was quantitatively determined using a commercial EIA kit (Cayman Chemical, Ann Arbor, MI) as described (61) . Data are expressed as picograms per milligram of total protein.
Western blotting for MMP-12, MMP-9, TIMP-1, NK1R, and ␤-actin. Western blotting analyses were performed as described (61) . Whole lung cells, AM proteins (15 g), and cultured AMs (7.5 g) were separated by electrophoresis in a 12% SDS-PAGE gel and transferred to nitrocellulose membranes (Amersham, Piscataway, NJ). After being blocked for 1 h at room temperature with 5% milk, the membranes were incubated overnight at 4°C in 5% BSA with an MMP-12 goat polyclonal IgG (1:100; Santa Cruz Biotechnology, Santa Cruz, CA). After incubation with horseradish peroxidase-conjugated mouse antigoat IgG (1:1,000; Santa Cruz Biotechnology), antibody-bound proteins were developed using an electrochemiluminescent method (ECL; Amersham Biosciences). After detection of MMP-12, membranes were stripped and reprobed with MMP-9 rabbit anti-rat polyclonal antibody (1:300; Chemicon), TIMP-1 rabbit polyclonal IgG (1:200; Santa Cruz Biotechnology), NK1R rabbit polyclonal antibody (1:300; Sigma-Aldrich), and ␤-actin rabbit polyclonal IgG (1:1,000; Sigma), respectively. The antibody-bound proteins were visualized after incubation with horseradish peroxidase-conjugated goat antirabbit IgG (1:1,000; Sigma).
Detecting IL-1␤ and TNF-␣ using ELISA. When AMs were cultured without and with SP, CP-99,994, or a combination of both as described above, the protein levels of IL-1␤ and TNF-␣ in culture supernatants were quantified using the ELISA kit (R&D Systems). The measurements were performed according to the manufacturer's instructions. Results are expressed in picograms per milliliter.
Data analysis. Data are expressed as absolute values with the exception that cell viability is expressed as a percentage of control. All data are means Ϯ SE. The difference between the data obtained from SP dose and time dependence and from CON and NCAPtreated mice was analyzed using one-way ANOVA. The data obtained from AMs or the macrophages from the RAW 264.7 cell line incubated in the culture medium with and without the presence of SP or NK1R antagonists (CP-99,994 or aprepitant) were compared using two-way ANOVA. If ANOVA indicated a significant difference, the data were analyzed using Tukey's method as a post hoc test for the difference between groups. P values Ͻ0.05 were considered significant.
RESULTS

SP increases MMP-12 mRNA expression and protein levels in AMs in vitro.
As shown in Fig. 1 , we found that, compared with the control culture medium, adding SP obviously upregulated MMP-12 mRNA expression and protein levels in AMs. SP elevated MMP-12 mRNA expression of AMs 11-fold and the ratio of MMP-12 to TIMP-1 9-fold compared with control culture medium, respectively. To demonstrate whether SP uniquely upregulates MMP-12 synthesis in AMs, we also detected the MMP-9 response to SP. Our data showed that SP enhanced gene expression of MMP-9 and MMP-9/TIMP-1 1.2-1.5-fold. Two selective NK1R antagonists (CP-99,994 and aprepitant) were applied to further specify the role of NK1R in SP upregulation of MMP-12 in AMs, and these experiments led to three important results. First, SP-induced mRNA expression and protein levels of MMP-12/MMP-9 were abolished by both NK1R blockades. Second, mRNA expression and protein levels of MMP-12/MMP-9 were not different between AMs treated with CP-99,994 and aprepitant or between those treated with NK1R antagonist alone or coupled with SP. Third, most importantly, compared with AMs incubated with the control culture medium, adding NK1R blockades in the control culture medium caused a significant decrease in MMP-12 rather than MMP-9 mRNA and protein production.
SP increases NK1R expression in AMs in vitro. NK1R mRNA and protein levels were upregulated in AMs incubated with SP for 24 h (Fig. 2, A and B) . With the use of real-time PCR, the results further showed that SP increased NK1R mRNA expression by 82% (Fig. 2C) . Similar to the effects on MMP-12, NK1R blockade abolished the effect of SP on NK1R mRNA expression and significantly reduced NK1R mRNA expression compared with the control culture medium.
SP enhances IL-1␤ and TNF-␣ secreted from AMs in vitro. As shown in Fig. 3 , the protein levels of IL-1␤ and TNF-␣ secreted from AMs were doubled by SP compared with control. IL-1␤, but not TNF-␣, was significantly lower in the AMs treated with CP-99,994 than in those without treatment, indicating that endogenously released SP is able to increase IL-1␤ rather than TNF-␣. Similar responses were also observed after CP-99,994 was applied before SP. In other words, SP-induced IL-1␤ and TNF-␣ secretion from AMs was abolished by pretreatment with CP-99,994.
SP and NK1R antagonist have no cytotoxic effect on AMs in vitro.
To clarify whether the SP-induced changes in MMP-12 and NK1R was due to possible SP cytotoxic effects, we examined the viability of AMs incubated with the SP and/or NK1R antagonists by using the MTT assay as a marker. Previous studies have shown that this is a sensitive index to reflect cell viability and growth (42) . We found no significant differences in MTT among the AMs treated with or without SP and/or NK1R antagonists (Fig. 4) .
SP upregulation of synthesis of MMP-12 in AMs is dose and time dependent in macrophage cell lines. SP upregulation of MMP-12 mRNA expression appeared dose dependent. In the concentration ranging from 10
Ϫ10 to 10 Ϫ8 M, the higher the dose applied, the greater the responses of MMP-12 mRNA expression observed. However, for a dose Ͼ10 Ϫ8 M, the response reached a plateau, i.e., the response was not significantly different between the cells exposed to SP at 10 Ϫ8 and 10 Ϫ7 M (Fig. 5A) . With respect to the time course, compared with control, MMP-12 mRNA was significantly increased after 3 h and reached peak response at 6 h, and the increase persisted up to 24 h after administration of SP (Fig. 5B ). This SP dose and time dependence of upregulation of MMP-12 was further supported by mRNA expression using RT-PCR (Fig. 5, C and D) .
NCAP treatment reduces SP in the lungs and AMs. We compared the levels of SP and PPT-A in lung tissues of the CON and NCAP-treated mice to ensure the effect of NCAP treatment on pulmonary SP depletion. We found that NCAP treatment resulted in downregulation of PPT-A mRNA expression in the lung tissue (Fig. 6A, top) . Interestingly, a similar reduction of PPT-A was also observed in AMs (Fig. 6B, top) . As shown in Fig. 6, A and B , bottom, the group data showed that NCAP treatment decreased PPT-A mRNA expression by 68% in the lung tissue and by 72% in AMs. The level of SP protein was reduced by 75% in the lung tissue and by 78% in AMs, respectively, after NCAP treatment. These results indicated that NCAP treatment was able to deplete pulmonary SP.
NCAP treatment decreases MMP-12 mRNA and protein expression in the lung tissues and AMs. In the present study, NCAP treatment induced an obvious downregulation of MMP-12 mRNA and protein expression with little change in TIMP-1 in the lung tissues and AMs (Fig. 7, A and B) . Group data showed that, compared with CON, NCAP-treated mice displayed a significantly lower MMP-12 mRNA expression, detected using real-time PCR, in the lung tissues and AMs (48% and 55%, respectively; Fig. 7C ). Similar results were also observed in the ratio of MMP-12 to TIMP-1 (43% in the lung tissues and 62% in AMs; Fig. 7D ). NK1R mRNA and protein expression in lungs and AMs are reduced by NCAP treatment. We also examined whether NCAP treatment would change mRNA expression and protein levels of NK1R. NCAP treatment induced the downregulation of NK1R protein and mRNA levels in the lung tissues and in AMs (Fig. 8, A and B) . The corresponding group data, obtained using real-time PCR, showed that NCAP treatment decreased NK1R mRNA expression by 63% and 65% in the lung tissue and AMs, respectively (Fig. 8C) .
NCAP treatment alters inflammatory cells in BALF.
Compared with CON, NCAP treatment slightly decreased BAL total cells ( Fig. 9A ; P Ͼ 0.05). Analyzing the cells by category, we found that NCAP treatment significantly reduced lymphocytes (from 0.86 Ϯ 0.07 to 0.52 Ϯ 0.09%, P Ͻ 0.05; Fig. 9D ) with little effect on AMs (Fig. 9B) and neutrophils (Fig. 9C ).
DISCUSSION
The most important finding in the present study is that SP is capable of triggering upregulation of MMP-12 expression in AMs by acting on NK1R. Numerous studies have demonstrated the key role MMP-12 plays in developing the CSinduced emphysema in animals (5, 19) . Because AMs are established as the major producer of MMP-12 (27) , attention has been intensively paid to the modulation of MMP-12 in AMs. Investigators have shown that MMP-12 gene and protein expression in macrophages in vitro are promoted by some cytokines, such as TNF-␣ and IL-1␤ (10) . Although AMs contain NK1Rs in animals and humans (1, 2) , SP is rich in the lung (48) , and the chronic CS-induced increase of pulmonary SP is closely correlated to MMP-12 (61), the modulatory effect of SP on the synthesis of MMP-12 in AMs has not been explored. In the present study, we found that the levels of MMP-12 mRNA in AMs were increased 11-fold after incubation with SP, and a similar upregulation was also observed in MMP-12 protein levels. Furthermore, SP upregulation of MMP-12 in AMs was achieved by its acting on NK1Rs in AMs, because these responses did not occur when SP was added after CP-99,994 or aprepitant, the selective NK1R antagonist. A specific interesting finding in this study is that, compared with control, both MMP-12 protein and mRNA levels in AMs were significantly lower after blockade of NK1Rs, clearly indicating a role of endogenously released SP in this modulation. This small, but significant, effect of endo- genously released SP on upregulation of MMP-12 in AMs is in agreement with our data on dose dependence of exogenous SP. There are two lines of evidence supporting the unique role of SP in upregulation of MMP-12 in AMs. First, exogenous SP used in this study produced an 11-fold increase in MMP-12 but only a 1.5-fold increase in MMP-9. Second, as mentioned above, endogenously released SP, revealed using NK1R antagonist (CP-99,994 or aprepitant), is able to specifically upregulate MMP-12, rather than MMP-9, because compared with control, MMP-9 gene and protein levels were not affected by adding NK1R antagonist. Nevertheless, the present study provides the experimental evidence that SP is capable of triggering upregulation of MMP-12 expression in AMs by acting on NK1R in vitro. Together with the important pathological role MMP-12 plays in animal models of COPD, our finding implies that SP might be involved in the development of emphysema and pulmonary remodeling by modulating MMP-12. To clarify the possible cytotoxic effects of SP and CP-99,994/aprepitant on AMs that may have contributed to upregulation of MMP-12, we tested the viability of AMs using the MTT assay. Our data showed that cell viability was not impaired by SP and the NK1R antagonists, suggesting that there was no cytotoxic effect of these agents on cultured AMs.
The mechanisms underlying SP-induced upregulation of MMP-12 synthesis in AMs remain unknown. SP significantly increases MMP-12 synthesis in AMs as we observed in vitro, suggesting that SP is involved in upregulation of MMP-12 synthesis in AMs. To define the threshold time required to initiate the response of MMP-12 in AMs, we measured MMP-12 in AMs in vitro at different time points after SP incubation. We found that 3 h were necessary to detect an upregulation of MMP-12. Because of this time window, other factors may also be involved in the process due to the possible cascade of effects triggered by SP. It has been well documented that SP exerts its biological activities on binding to a G protein-coupled NK1R on AMs to trigger multiple responses. For example, activating the NK1R in human macrophages by SP promotes release of TNF-␣ and IL-1␤ (1). Importantly, these cytokines are known to upregulate MMP-12 in macrophages (10) . Thus SP-triggered upregulation of MMP-12 in AMs could be achieved through at least two routes. First, SP directly promotes MMP-12 synthesis in AMs by acting on NK1R and the following intracellular signaling pathways. In addition, our data have revealed that NK1Rs in AMs are elevated by increasing SP but are reduced by a NK1R antagonist. Therefore, the elevation of NK1R by SP seems to partially participate in the pathways mentioned above. Second, SP stimulates AMs to release cytokines that promote AMs to upregulate MMP-12. This assumption is supported by two lines of evidence noted in this study. Compared with control, the AMs treated with CP-99,994 presented significantly lower levels of MMP-12 and IL-1␤, but not TNF-␣. Thus this IL-1␤ elevation may partially participate in the endogenously released SP-induced upregulation of MMP-12 via activating NK1R. On the other hand, exogenous SP increased MMP-12 associated with elevation of IL-1␤ and TNF-␣, and these responses were abolished by CP-99,994, suggesting a possible contribution of both mediators to exogenous SP-induced MMP-12 upregulation via activating NK1Rs. These findings imply the possible and different involvement of these mediators in endogenous and exogenous SP-triggered upregulation of MMP-12 synthesis in AMs. Ultimately, further studies are required to delineate the SP direct and indirect effects on the MMP-12 synthesis in AMs.
Another major finding in the present study is that NCAP treatment significantly reduces pulmonary SP and MMP-12 in the lung tissue and AMs in vivo. Pulmonary SP is primarily synthesized in the cell bodies of the PCFs located in the nodose and jugular ganglia (20) . When stimulated, PCFs release SP from PCF endings into the lungs (32) . Many studies have demonstrated that CS vigorously stimulates PCFs (9, 29 -31) , leading to a significant increase of pulmonary SP in guinea pigs (26) , mice (61) , and COPD patients (53) . NCAP treatment has been reported to reduce pulmonary SP protein by 75-90% and efficiently cause PCF degeneration in rats (12, 23, 55) . Consistent with these results, we found that SP and PPT-A mRNA in the lungs were diminished by 75 and 68%, respectively. Importantly, this pulmonary SP reduction was associated with a striking reduction of MMP-12 in the lungs (48%) and AMs (55%). The NCAP treatment effects on MMP-12 are strengthened by its downregulation of the ratio of MMP-12 to TIMP-1. It has been well documented that the imbalance of MMPs to TIMPs is likely involved in the pathogenesis of emphysema (27) . Our data showed that manipulation of SP levels greatly altered the ratio of MMP-12 to TIMP-1 in AMs, clearly demonstrating a powerful role for SP in regulating MMP-12 and the ratio of MMP-12 to TIMP-1. Since SP triggers upregulation of MMP-12 expression in AMs by acting on NK1R in vitro, we reason that the downregulation of MMP-12 in the lungs and AMs by NCAP treatment, at least partially, results from the downregulation of SP. Because the increases of pulmonary SP and MMP-12 are closely correlated in the CS-induced emphysematous mice (61), our data showing that MMP-12 in AMs and lungs is modulated by SP in vivo and in vitro again suggest that SP may play a role in the pathogenesis of emphysema and airway remodeling through modulation of MMP-12. In addition to SP, PCFs also contain neurokinin A and B, which mainly act on the neurokinin-2 and -3 receptors (NK2R and NK3R), respectively (59) , and these receptors exist in AMs (2, 3) . One may question whether neurokinin A and B are also involved in modulation of synthesis of MMP-12 in AMs. SP could bind with neurokinin receptors with the rank order NK1R Ͼ NK2R Ͼ NK3R (13, 47) . In the present study, MMP-12 mRNA expression was increased 11-fold in the AMs treated with SP, and more importantly, these responses were completely abolished by CP-99,994, a selective NK1R antagonist. These data allow us to believe that the modulatory effects of Are the NCAP treatment-induced SP changes fully contributed to PCF degeneration? A number of studies have demonstrated that in addition to release of SP from PCFs, AMs and lymphocytes (44) also can release SP, especially in inflammatory airway diseases (22) . In agreement, our data also revealed a spontaneous release of SP from AMs. We compared MMP-12 mRNA and protein levels in the AMs incubated with control culture medium and the medium containing an NK1R antagonist and found a significant downregulation of MMP-12 in the latter, indirectly suggesting a spontaneous release of SP from AMs. Because a slight reduction of AMs and significant decrease in lymphocyte recruitment were induced by NCAP treatment in our experiments, these alterations may be partially related to the NCAP treatment-induced SP reduction. It was reported that degradation of SP involves two enzymes, i.e., neural endopeptidase and angiotensin-converting enzyme (8, 52) . Without defining the activity of these enzymes, we cannot rule out the possible elevation of their activity after NCAP treatment. Collectively, we believe that PCF degeneration is the trigger and that other non-PCF factors are the participants in the downregulation of the pulmonary SP we observed.
Pulmonary SP results in a plasticity of NK1R in the lung tissues and AMs. In the present study, we found that the changes of SP were always associated with a parallel alteration in NK1R. For example, adding exogenous SP into the culture medium significantly increased the NK1R gene and protein expression of AMs in vitro. Conversely, blocking NK1R with its antagonist diminished NK1R expression in the AMs. These findings were further strengthened by a study in vivo. It was found in the present study that reduction of pulmonary SP by NCAP treatment led to a downregulation of the expression of NK1R in the AMs. In agreement with our findings, CS produces an upregulation of pulmonary SP that is associated with an increase of NK1R in the lungs (61) . Moreover, NK1R expression was upregulated in a human monocytic cell line after 16 h of incubation with SP (14) , but it was decreased in the spinal cord of rats after NCAP treatment (45) . These results support our finding that extracellular SP is able to modulate the expression of NK1R in AMs. Again, because SP could promote the release of cytokines from AMs, as mentioned above, whether the upregulation of NK1R in the AMs is caused by the direct or indirect effects of SP awaits further clarification.
Our time-and dose-dependent experiments were conducted in RAW 264.7 macrophages mainly because using AMs would be very costly. On the other hand, although the behavior of RAW 264.7 macrophages is not fully the same as that of AMs (4, 24) , the majority of reports support the behavioral similarity between the two types of cells. For example, both AMs and RAW 264.7 macrophages presented similar responses (nitric oxide, TNF-␣, IL-1␤, IL-12, IL-18, and macrophage inflammatory protein-2 and -1␣) to lipopolysaccharide (24, 25, 34) , hypoxia-reoxygenation (51), or diesel exhaust particles (49) . Moreover, the RAW 264.7 macrophages have been utilized to investigate AMs in depth, including time and dose dependence of a given response (4, 15, 50, 51) and the relevant molecular mechanisms (34, 46, 58, 62) . In fact, the similarities of both types of cells have been observed in the signal pathways responsible for interferon-␥-induced suppression of c-Jun NH 2 -terminal kinase activation (46) , and time and dose dependence of lipopolysaccharide-produced nitric oxide (34) . Therefore, it is likely that the time-and dose-dependent responses we observed in RAW 264.7 macrophages would be qualitatively similar to those in AMs.
In summary, our study provides experimental evidence that SP is able to trigger MMP-12 synthesis by acting on NK1R as well as promoting NK1R expression in AMs in vitro. Our data in vivo also show that the NCAP treatment-induced reduction of pulmonary SP is associated with downregulation of MMP-12 and NK1R in the lung tissues and AMs. We conclude that an increase in pulmonary SP triggers upregulation of MMP-12, at least partially, by acting on NK1R in the AMs.
